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Magnetic resonance with ensembles of electron spins is nowadays performed in frequency ranges up to 240 GHz
and in corresponding magnetic fields of up to 10 T. However, experiments with single electron and nuclear
spins so far only reach into frequency ranges of several 10 GHz, where existing coplanar waveguide structures
for microwave (MW) delivery are compatible with single spin readout techniques (e.g. electrical or optical
readout). Here, we explore the frequency range up to 90 GHz, respectively magnetic fields of up to ≈ 3 T
for single spin magnetic resonance in conjunction with optical spin readout. To this end, we develop MW
resonators with optical single spin access. In our case, rectangular E-band waveguides guarantee low-loss
supply of microwaves to the resonators. Three dimensional cavities, as well as coplanar waveguide resonators
enhance MW fields by spatial and spectral confinement with a MW efficiency of 1.36 mT/
√
W. We utilize
single NV centers as hosts for optically accessible spins, and show, that their properties regarding optical spin
readout known from smaller fields (< 0.65 T) are retained up to fields of 3 T. In addition, we demonstrate
coherent control of single nuclear spins under these conditions. Furthermore, our results extend the applicable
magnetic field range of a single spin magnetic field sensor. Regarding spin based quantum registers, high
fields lead to a purer product basis of electron and nuclear spins, which promises improved spin lifetimes. For
example, during continuous single-shot readout the 14N nuclear spin shows second-long longitudinal relaxation
times.
I. INTRODUCTION
Single electron and nuclear spin magnetic resonance
is routinely detected on a variety of systems nowadays,
ranging from single molecules1,2, solid state defects3–5 to
rare earth ions6. In all these cases, spin control is per-
formed via oscillating magnetic fields, but readout is per-
formed either electrically or optically. For small magnetic
fields and hence moderate microwave (MW) frequencies
up to several 10 GHz, this is compatible with wires, an-
tennas and coplanar waveguide (CPW) structures man-
ufactured close to the spin5,7. At higher MW frequencies
the transmission-loss of coaxial cables increases drasti-
cally. The main reason is the decreasing skin depth ∝
1/
√
f , which leads to higher effective resistivity in the
conductor line. Increasing the diameter of the coaxial ca-
bles to compensate this effect is only possible up to a cer-
tain point, since it decreases the moding-frequency. Ad-
ditionally, at higher frequencies (e.g. in the E-band from
60 GHz to 90 GHz) semiconductor-based MW sources
and amplifiers currently achieve an output power of less
than 28 dBm. Taking this into account, novel strategies
for combining single spin magnetic resonance at high fre-
a)n.aslam@physik.uni-stuttgart.de
quencies and specific readout techniques need to be devel-
oped that ensure a high microwave-power-to-magnetic-
field conversion efficiency Cmag = B1/
√
PMW (respec-
tively microwave-power-to-Rabi-frequency conversion ef-
ficiency CRabi = Ω/
√
PMW).
Working in the E band extends the accessible range
of single spins as magnetic field sensors up to 3 T.
Furthermore, experiments at such high bias magnetic
field promise additional striking improvements. For
spin based quantum information candidate systems like
phosphorous in silicon (Si:P)5,8, rare-earth ions6,9–11 or
nitrogen-vacancy (NV) centers in diamond12–15 higher
fields reduce dressing among electron and nuclear spin
states. Hence, energy eigenstates converge to pure prod-
uct spin states, which promises improved coherence prop-
erties and nuclear spin access12,16. The single spin sen-
sors (e.g. NV centers in diamond17,18) can be applied
for nanoscale detection of external electron and nuclear
spins19–24. High fields are particularly important for nu-
clear spin detection because under these conditions chem-
ical shifts of nuclear spin resonances allow chemically spe-
cific sensing in homonuclear environments. Finally, the
thermal spin polarization increases with higher available
magnetic fields.
Here, we develop and demonstrate a single spin mag-
netic resonance setup with optical spin readout (opti-
cally detected magnetic resonance – ODMR) for mag-
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2netic fields up to 3 T. This method is in principle also
applicable to higher magnetic fields. As a single spin
test system we use nitrogen-vacancy (NV) color centers
in diamond25.
The electron spin of the NV center is a triplet (S = 1)
with a zero field splitting of D = 2.87 GHz. An external
magnetic field aligned along the NV axis lifts the degener-
acy of the mS = ±1 energy levels. The latter spin states
split with 2 · 28.03 MHz/mT. Single NV centers are opti-
cally addressed via confocal microscopy, and MW fields
in the E-band are delivered via respective rectangular
waveguides (WR-12). At the position of the NV center,
we fabricate waveguide and CPW resonators for spatial
and spectral field concentration. Single nuclear spins are
controlled via radio-frequency (RF) fields delivered by
wires and read out by electron nuclear double resonance
(ENDOR) via the NV center electron spin.
II. SINGLE SPIN ODMR SETUP UP TO 3T
At the heart of our single spin ODMR setup there is
the confocal microscope which focuses 532 nm excitation
laser light through an oil immersion objective onto an
NV center in diamond (see figure 1). The red-shifted
fluorescence response is spectrally and spatially filtered
and finally imaged onto a single photon counting mod-
ule. We utilize a home-built microscope which fits in
the room temperature bore (diameter 10 cm) of a super-
conducting magnet with up to 3 T main field and up to
0.2 T perpendicular deflection coils (Scientific Magnet-
ics). We have placed sample positioners and the objec-
tive into the bore, all other optical, MW and RF elements
are placed outside the magnet. The main magnetic field
axis coincides with the optical axis, optimizing the setup
for (111)-oriented diamond substrates with NV centers
pointing along the surface normal.
For this work a (111) diamond plate was cut from
a low-strain type-IIa high-pressure-high-temperature
(HPHT) crystal with an average substitutional nitrogen
concentration of 11 ppb and natural abundance of 13C.
The plate was irradiated with 2 MeV electrons to a to-
tal dose of 2 · 1010 e/cm2 and was subsequently annealed
at 1000 ◦C for 2 hours in vacuum. Then, a thin film of
1 mm× 1 mm× 90µm was obtained by laser-cutting and
polishing from the plate.
For the generation of MW we combine an Anritsu sig-
nal generator MG3690C with an OML S12MS frequency
multiplier (6x) system with a measured output power of
0 dBm. In the frequency range from 71 GHz to 76 GHz
we employ a MW power amplifier (Sage Millimeter Inc.)
with an output power of 20 dBm (P-1dB). Microwaves in
the E band are guided to the NV center via a rectangu-
lar waveguide (WR-12). At the end of the waveguide we
concentrate the microwave radiation spectrally and spa-
tially to a region of diamond containing NV centers.
We have implemented two different approaches for
microwave delivery into the diamond: A three dimen-
sional waveguide cavity and a transition from rectangu-
lar waveguide to CPW resonator (see figure 1). As a first
approach, we use a circular TM110 cavity attached to the
rectangular waveguide as depicted in figure 1B. The dia-
mond is placed inside this resonator on the face opposite
to the coupling hole. The latter opposite metal face has
a hole for optical access. Inside the cavity a MW field
B1 builds up, which is perpendicular to the bias field
and leads to a Rabi frequency of the NV electron spin of
Ω = −gNV · µB · B1/
√
2, with the NV electron g-factor
gNV and the Bohr magneton µB .
The tailored transition from waveguide to CPW res-
onator (see figure 1C) was inspired by low-loss mi-
crostrip line to waveguide transitions in automotive radar
systems26. In contrast, our goal is to concentrate the
MW field at the end of the waveguide. To this end we
design an assembly containing a tapered λ/2 dipole an-
tenna (f ≈ 75 GHz). Close to the waist position, MW
radiation is spectrally and spatially confined and electron
spins can be coherently manipulated. Optical access is
possible above the CPW resonator or inside the gaps.
In addition to high MW efficiencies, both mentioned
approaches should provide a linewidth of ∼ 100 MHz.
This allows addressing proximal nuclear spins with hy-
perfine couplings up to ∼ 100 MHz27. In addition, fast
gate operation times are not limited by a narrow res-
onator linewidth.
RF is supplied by a wire across the CPW resonator
perpendicular to the dipole axis to reduce losses (see fig-
ure 4B).
III. MICROWAVE RESONATORS — DESIGN AND
SIMULATIONS
A. TM110 waveguide cavity
The first approach to increase the MW field at the
NV center location is a waveguide cavity with a suitable
mode. For the selection of the cavity mode, the orienta-
tion of the external magnetic field and the optical axis
play an important role. The latter rules out TE011 mode
resonators often used in EPR because of the inappropri-
ate B1 field profile,which is concentrated in the center
of the cylindrical MW cavity where, consequently, the
sample has to be mounted. Our microscope objective
has a working distance of ≈ 0.3 mm. Contrary to this, a
typical TE011 cavity working at 75 GHz has a radius of
2.4 mm and length of 4.8 mm making an optical access
unfeasible28.
Our cavity mode of choice is the TM110 mode. In the
proper configuration, its concentrated B1 field has an ori-
entation perpendicular to one of the crystallographic NV
orientations in a diamond with (111) surface. Inductive
coupling from the WR-12 waveguide to the cavity is ac-
complished by a centered hole on the circular surface of
the cavity facing the waveguide. The orientation of the
incoming B1 field from the waveguide matches the orien-
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FIG. 1. Experimental setup. A, bore of a 3 T, 0.2 T, 0.2 T superconducting vector-magnet with a bore diameter of 10 cm.
The direction of the magnet’s main coil coincides with the optical axis. Optical excitation is performed by 532 nm laser light
being focused through a 525µm diameter hole onto the diamond located inside the microwave cavity. The resulting red-shifted
NV fluorescence is separated from the excitation beam by a dichroic mirror and imaged onto an APD chip. For visibility
reasons, the microwave and optical components are enlarged and the second deflection coil is omitted. B, schematic of the
TM110 MW cavity resonator. On the left, the rectangular waveguide providing the MW excitation is outlined. Inductive
coupling is achieved by a small hole in the middle of the resonator plate facing the waveguide. The right side shows a small hole
providing optical access, behind which the diamond is located. C, schematic of the waveguide to CPW resonator transition
element. It consists of a dielectric layer, with the patch antenna facing the rectangular waveguide on one side (left image) and
the CPW resonator structure on the other (right image). The diamond is mounted on top of the resonator. D, confocal scan
of a diamond sample mounted on top of the CPW resonator. Since the dielectric layer is fluorescent, the antenna as well as the
tapering is visible. In areas with low fluorescence background, fluorescent spots corresponding to single NV centers are visible.
tation of the B1 field of one out of two nominally degen-
erate TM110 modes in the cavity with perpendicular po-
larizations, (see figure 2) resulting in efficient coupling28.
B1 is maximum in the center of the cavity and in trans-
verse direction to the bias magnetic field (see figure 2A).
The field has no node in longitudinal direction. Hence, a
centered hole in the second circular surface provides an
optical access to the area with a highly concentrated B1
field. In addition, the higher refractive index of diamond
compared to air leads to a further B1 field enhancement
in the diamond. The cavity frequency is defined by the
radius a of the cavity. Decreasing the cavity length d has
no effect on the resonance frequency, but increases the
ratio of quality factor Q and cavity volume V 28. This
ratio is approximately doubled for 2a/d = 5 compared
to the case of 2a/d = 1, resulting in a higher B1 field
strength.
By varying the diameter of the coupling hole, one can
tune the regime between an undercoupled, a critically
coupled and an overcoupled cavity. In our case, a crit-
ically coupled cavity results in maximum B1 at the NV
center location. Simulations were performed in order
to estimate the optimum coupling hole diameter, pre-
dicting a cavity quality factor of Qc,sim = 643. 20µm
below the optical access a maximum MW efficiency of
Cmag = 0.87 mT/
√
W (CRabi = 17.6 MHz/
√
W) is ex-
pected.
The TM110 cavity is assembled out of three separate
parts. The main component is a copper plate with a
round bore and a thickness of 1 mm. The second part is
a copper film with a hole for inductive coupling to the
cavity. The cavity is closed on the other side by a glass
slide with a thin copper layer comprising a hole for op-
tical access (525µm diameter). All parameters of the
cavity are listed in table I.
One of the loss channels is conductive loss. There is
a non-zero current density across the contact area be-
tween the circular surfaces and the cylindrical part, lead-
ing to conductive losses at the edges of the cavity due to
non-ideal contacts. Furthermore, surface roughness is a
crucial point which is improved by polishing the copper
plate.
Radiative losses also have to be considered. Because
the optical access in our case is almost as large as the
hole for inductive coupling, the accompanied radiative
loss is not negligible. Moreover, a large optical ac-
cess decreases the B1 field in the region of interest (see
the xy plot of the H1,x field in figure 2A). In fact,
the MW efficiency increases to Cmag = 1.68 mT/
√
W
(CRabi = 33.3 MHz/
√
W) at the aforementioned position
by removing the optical access in the simulation.
In principle, other cavity modes can be used as well.
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FIG. 2. MW resonators in the E band - simulation
results. A, “CST microwave studio” simulation results for
the TM110 cavity. The left side shows the resonant H1,x field
profile in the xy plane 20µm inside the cavity. In the center,
the corresponding field profile in yz direction is shown. On
the right, the Cmag (and CRabi) spectrum at a position 20µm
inside the cavity and in the center of the xy plane is plotted.
The peak in the spectrum corresponds to the TM110 mode.
B, Results of simulation of the waveguide to CPW resonator
transition. The lateral H1,x field profile is shown on the left
for the xy, and in the middle for the yz plane. The green and
red resonances on the right correspond to resonator #1, the
blue resonance to resonator #2. For the blue and the green
resonance, the diamond is centered above the antenna, while
it is shifted away from the waist for the red curve. The H1,x
field was evaluated 20µm above the CPW, as indicated by
the cross in the field profile.
In the case of the TM010, the B1 field is maximum at the
edges of the cavity where both the optical microscopy
and the MW coupling from the waveguide would have to
be placed28. Another possibility is to shape the diamond
itself, according to the corresponding cavity parameters,
and cover it with metal. In this case, the conductive
losses at the edges and the mode volume would be de-
creased.
The metal layer where the diamond is attached to has
a thickness of 8µm, which is above the skin depth of the
applied MW radiation (≈ 240 nm @ 75 GHz), but in the
range of the skin depth (≈ 6.5µm) for nuclear spin res-
onance frequencies of ≈ 100 MHz. Hence, a wire outside
of the resonator can be used to deliver RF for coherent
nuclear spin control for a proper metal layer thickness.
B. Waveguide to coplanar resonator transition
Further enhancement of the RF magnetic field ampli-
tude can be achieved by an additional confinement in the
spatial domain. To this end we design an assembly of a
tapered λ/2 CPW resonator and a patch antenna sepa-
rated by a dielectric (see figure 1C and figure 2B). The
patch antenna is facing the rectangular waveguide. The
whole assembly is coupled capacitively to the TE10 mode
of the rectangular waveguide. The resonant mode of the
TABLE I. Summary of geometric parameters of waveguide
cavity and CPW resonators.
TM110 cavity
diameter 4.8 mm
length 1.0 mm
diameter of optical access 525µm
diameter of MW coupling hole 800µm
thickness of metal face with optical access 8µm
thickness of metal face with MW coupling hole 20µm
material copper
Waveguide to CPW resonator #1 #2
patch antenna length LP 729µm 667µm
patch antenna width WP 1531µm 1476µm
resonator length LR 1085µm 1014µm
resonator width WR 165µm 85µm
relative dielectric constant  2.9
dielectric thickness 100µm
conductor thickness 10µm 30µm
gap CPW 42µm 121µm
width of waist 85µm 3µm
length of waist 88µm 80µm
conductor material copper
dielectric material Rogers Ultralam 3850
assembly in which we are interested can be described as
follows. The tapered resonator part is excited strongly,
with mirror charges and corresponding current densities
forming on the patch antenna. Additional oscillating cur-
rent densities are forming in the part of the ground plane
surrounding the tapered resonator. Consequently, the B1
field is mainly concentrated inside the dielectric and ori-
ented perpendicular to both the bias field and the axis
of the tapered resonator. A considerable field also exists
outside the dielectric above the center region of the ta-
pered resonator. Hence, the perfect position for an NV
center is inside the dielectric, which would then be the
diamond itself. Another alternative is placing a diamond
on top of the resonator and using an NV center close to
the center of the tapered resonator.
Because of the commercial availability of dielectric me-
dia, the thickness was fixed to 100µm in our experiment.
We do not have sufficiently large diamond samples to use
diamond as the dielectric material. The strength of the
B1 field inside the dielectric would increase for a thinner
material. However, critical coupling to the rectangular
waveguide can be achieved in any case by adjusting geo-
metric parameters of the CPW resonator (see table I).
By narrowing the CPW resonator in the center, the
current density and, accordingly, the B1 field strength
close to the waist are enhanced (see figure 2B). We
have simulated and produced two CPW resonators with
mainly two different widths of the waist (see table I).
For a resonator tapered to a waist of 3µm width (res-
5onator #2), the simulated MW efficiency 20µm above
the resonator amounts to Cmag = 5.3 mT/
√
W (CRabi =
105.0 MHz/
√
W).
The ground plane around the λ/2 resonator reduces
radiative losses and the patch antenna leads to a con-
centration of MW energy inside the resonator assem-
bly. Dielectric materials between CPW resonator and
patch antenna with low loss and high dielectric constant
ε can mitigate effects of dielectrics outside of the res-
onator assembly. Apart from losses, dielectrics such as
diamond or immersion oil on the resonator assembly also
lead to a shift of the resonance (see figure 3D). Conduc-
tive losses can be reduced by smooth metal surfaces. For
CPW resonator #2 we have simulated a quality factor of
Q2,sim = 89, where the contributions of conductive, di-
electric and radiative losses are estimated to be 192, 891
and 204, respectively.
We have to consider additional resonances of the whole
assembly, due to similar length scales for all coupled
parts. In fact, the patch antenna utilized for improved
field concentration can have a resonance close to that of
the dipole antenna. For improper dimensions of the as-
sembly the patch antenna almost completely cancels the
transverse B1 field above and below the CPW resonator.
In addition to electron spin manipulation by the CPW
resonator, a wire or a coil can deliver radio frequencies in
order to excite nuclear spin transitions (see figure 4B).
The CPW resonators were fabricated out of double
sided printed circuit boards (Rogers Ultralam 3850, see
table I) by optical lithography and wet chemical etching.
IV. RESULTS AND DISCUSSION
A. Single spin optically detected magnetic resonance
The introduced MW resonators enabled the imple-
mentation of single spin ODMR at high magnetic fields.
The basic sequence for a typical pulsed ODMR measure-
ment consists of a spin state reading and polarizing laser
pulse accompanied by fluorescence detection, followed by
a MW pulse (compare figure 4C). This basic sequence
is continuously applied29. If the MW frequency corre-
sponds to the spin transition frequency, less fluorescence
is emitted. In figure 3A, an ODMR spectrum of the
mS = 0 to mS = −1 transition is visible. Due to the
hyperfine interaction with the NV center’s 14N nuclear
spin, the transition is split into three distinctive features.
The applied magnetic field is about 2.78 T.
Varying the length of the microwave pulse results in
coherent oscillations of the spin projection in z direction
(see figure 3B). Since the frequency of MW induced Rabi
oscillations is proportional to B1, measuring it as a func-
tion of the microwave transition frequency (and thus the
external magnetic field) provides information about the
performance of the microwave assembly. The results for
the circular waveguide cavity (TM110 mode) can be seen
in figure 3B. The NV center was located in the center
of the optical hole and ≈ 20µm deep in the diamond.
The measured quality factor is Qc = 56. For a maxi-
mum Rabi frequency of Ω = 300 kHz, the MW efficiency
is CRabi = 0.75 MHz/
√
W. This factor is well below the
theoretically predicted one. In the simulations, the con-
ductive loss caused by the imperfect connection between
the cavity element and the metal termination plates was
neglected. Moreover, the surface roughness of the copper
film containing the coupling hole can be improved. As
discussed above, a cavity made out of polished diamond
would mitigate these loss mechanisms and enhance the
concentration of the MW field because of a smaller mode
volume. In the experiment, the diameter of the optical
hole was ≈ 500µm to ensure a large area of detectable
NVs. This can be scaled down in order to reduce the
radiative losses.
We have produced two CPW resonators mainly differ-
ing by the width (see table I) of their waists while all
other parameters where optimized for strongest B1 field
≈ 20µm above the waist. The parameters given in the
table have been confirmed by optical microscopy. CPW
resonator #1 has a large waist of 85µm compared to res-
onator #2 with a waist of 3µm. Hence, resonator #2 is
expected to show a larger B1 field close to the waist.
The resonance curves in figure 3D were again recorded
by measuring field (and therefore MW frequency) depen-
dent Rabi oscillations. The different colors correspond to
different configurations of diamond and resonators. The
green and the red curves are measured using resonator
#1. In the case of the green curve, the 1 mm× 1 mm di-
amond is fully covering the CPW resonator while in the
case of the red plot the diamond was covering half of the
resonator. We attribute the 2.66 GHz shift of the reso-
nance frequency to the influence of the diamond and its
large dielectric constant as is predicted by the simulation
results (see figure 2B). The differences in amplitude are
mainly due to different distances of the measured NVs to
the waist of the resonator. The maximum MW efficiency
measured for this resonator is CRabi = 10.6 MHz/
√
W
(green curve) for an NV center 20µm above the waist.
The blue curve belongs to resonator #2 with the di-
amond centered on the resonator. The MW efficiency
reaches CRabi = 27 MHz/
√
W for an NV center 20µm
above the resonator close to the waist where the ta-
pering has a width of 20µm. At the position of the
waist (with potentially even higher MW efficiency) high
background fluorescence from the dielectric material pre-
vented ODMR measurements. In conclusion, decreasing
the waist leads to a further spatial concentration and thus
enhancement of the B1 field.
The quality factors of CPW resonators #1 and #2 are
Q1 = 39 and Q2 = 48 respectively, whereas the waveg-
uide cavity reaches Qc = 56. Both waveguide cavity and
CPW resonator are useful for our experiments. Their
linewidths respectively quality factors, however, can still
be improved. The advantage of the CPW resonator ap-
proach is the concurrent spectral and spatial confinement
yielding higher MW efficiencies.
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FIG. 3. Spin manipulation at high microwave fre-
quencies. A, ODMR spectrum of the mS = 0 to mS = −1
transition at a magnetic field of 2.78 T. The 2.16 MHz hyper-
fine splitting caused by the host 14N nuclear spin is clearly
resolved. B, NV electron spin Rabi oscillations between the
mS = 0 and the mS = −1 spin state. A sinusoidal fit re-
veals a Rabi frequency of 906 kHz. For C, the Rabi frequency
depending on the microwave transition frequency was mea-
sured for the cavity resonator. The magnetic field was swept
to shift the spin transition to the respective frequency. The
plotted Rabi frequency is a measure for the B1 field of the
MW. The same was done in D, for different configurations
of CPW resonators: The green and red resonances are mea-
sured for resonator #1 and the blue resonance was measured
for resonator #2. For the blue and the green resonance, the
diamond was centered above the antenna, while it was shifted
away from the waist for the red curve. The different ampli-
tudes are caused by differing NV center positions with respect
to the waist region.
B. Quantum nondemolition measurements and coherent
manipulation of single nuclear spin
As explained in the introduction, one of the main rea-
sons to investigate the behavior of NV centers in high
magnetic field is the control of surrounding nuclear spins.
Readout of these proximal spins is facilitated by mapping
the population onto the NV electron spin by applying a
CnNOTe-gate, and consecutive electron spin readout
30.
The CNOT-gate is implemented by a nuclear spin state
selective electron pi-pulse (see figure 4C). In order to be
able to read out the nuclear spin state in a single shot,
this measurement has to be repeated on the order of
1000 times, without the nuclear spin to flip. As has been
shown previously, the main source of longitudinal relax-
ation for the nitrogen nuclear spin are flip-flop events
with the corresponding electron spin. The probability
for this to occur can be reduced quadratically with the
applied magnetic field.
Exemplary continuous single shot measurements of the
14N nuclear spin state can be seen in figure 4A. The mea-
surement sequence is the same as for pulsed ODMR, but
with a fixed microwave frequency. The fluorescence time-
trace reveals quantum jumps between two distinct levels,
corresponding to different nuclear spin states (depicted
by the blue state trace). On the right side, a histogram
of the fluorescence timetrace shows two separable pois-
sonian distributions (the blue line depicts a fit of the
superposition of two poissonians). This enables single
shot readout, as well as initialization by measurement
of the nitrogen nuclear spin. The fluorescence timetrace
shows longitudinal relaxation times of the 14N nuclear
spin on the order of seconds (see figure 4A) during con-
tinuous projective measurements, an improvement of one
order compared to previous measurements performed at
≈ 0.65 T30.
To demonstrate coherent control of the nuclear spin,
the NMR spectrum and Rabi oscillations are measured.
A 50µm wire is placed across the diamond surface and
connected to a RF source to enable nuclear spin manip-
ulation at transition frequencies of several MHz (see fig-
ure 4B).
The nuclear spin measurements follow a common ap-
proach: The nuclear spin is measured two times in a
single shot, both measurements are then correlated to
see if a spin flip occurred. This probability is measured
for different kinds of spin manipulation in between the
two nuclear spin state measurements. By sweeping the
frequency of the applied microwave, an NMR spectrum
can be recorded (see figure 4D). Varying the microwave
pulse length at the resonant frequency leads to coherent
Rabi oscillations (see figure 4E).
C. Conclusion
In this study, electron spin resonance and optical mi-
croscopy in the E-band is shown to be feasible by ex-
ploiting MW resonators. Spectral confinement is uti-
lized in the cylindrical MW cavity approach. The waveg-
uide to tapered CPW resonator allows additional con-
finement in the spatial domain. A high MW efficiency of
27.0 MHz/
√
W (1.36 mT/
√
W) enables ODMR measure-
ments even with a low-power MW source. At a magnetic
field of 2.78 T single-shot readout of single nuclear spin
reveals seconds-long longitudinal relaxation times. In ad-
dition to readout, coherent control of the nuclear spin via
an additional copper wire is shown.
In principle the presented CPW resonator approach is
extendable to even higher frequencies and corresponding
magnetic fields. Then as well as in the current frequency
range, free space optics might be used for focusing mil-
limeter waves onto a suitable antenna assembly incorpo-
rating single optically addressable spins. While prepar-
ing the manuscript we became aware of a demonstration
of ODMR of single electron spins at 4.2 T31 where our
approach might also lead to improvements.
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FIG. 4. Single-shot readout and NMR of single ni-
trogen nuclear spin. A, Continuous readout of the nitro-
gen nuclear spin reveals quantum jumps. The high fluores-
cence level corresponds to the mI = −1, 0 nuclear spin states,
the low fluorescence level to mI = +1. The blue line is the
result of a two-state Hidden-Markov-Model analysis of the
fluorescence timetrace30. The fluorescence photon counting
histogram is shown on the right. B, For coherent nuclear
spin control, a copper wire was placed across the diamond
mounted on top the coplanar waveguide resonator. C, Sin-
gle shot readout scheme realized by repetitive (2000) nuclear
spin state selective flips of the electron spin (MW pulses) and
subsequent readout (laser pulse). In between readout steps
the nuclear spin is coherently manipulated via resonant RF
fields. For D, the spin flip probability was measured depend-
ing on the frequency of an applied RF field, resulting in a
maximum at the nuclear spin resonance. In E, the microwave
pulse length at the resonance frequency was varied, leading
to coherent spin oscillations.
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